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Abstract  
Under low energy and high flux/fluence irradiation of helium (He) atoms, the 
formation and bursting of He bubbles on tungsten (W) surfaces play important roles 
in the morphological evolution of component surfaces and impurity production in 
fusion reactors. Microscopically, the bursting of He bubbles is a stochastic process, 
and He bubbles have statistically average lifetimes. In the present paper, a molecular 
dynamics-based method was developed to extract, for the first time, the lifetime of He 
bubbles near tungsten surfaces. It was found that He bubble bursting can be treated as 
an activated event. Its occurrence frequency or, equivalently, the average lifetime of 
bubbles follows the Arrhenius equation. For a given bubble size, the activation energy 
exhibits a good linear dependence with the depth, and the pre-exponential factor 
obeys the Meyer-Nedle rule. These results are useful for establishing a model in 
multi-scale simulations of impurity production in the fusion plasma and of the 
morphological evolution of component surfaces. 
                                                             
∗ Corresponding author. Tel.: +86 28 85412104; fax: +86 28 85410252. 
 E-mail address: qhou@scu.edu.cn (Q. Hou) 
2 
 
Keywords: Molecular dynamics; helium bubble; lifetime; plasma material 
interaction;  
  
3 
 
1. Introduction 
As reviewed by a number of authors [1-3], the behavior of materials that are 
exposed to a complicated and extreme environment in a fusion reactor is a very 
challenging subject. Among these subjects, the interaction of tungsten (W) with 
plasma is especially interesting because W has been chosen as a 
plasma-facing-material (PFM) for the diverter in the International Thermonuclear 
Experimental Reactor (ITER). In the reactor, the W surface will suffer low energy 
(<200 eV) and high flux/fluence (~1027 m-2) irradiation with hydrogen (H) and helium 
(He) plasma.  
Many experiments have been performed to study the He bombardment of W 
surfaces. The most recent experimental research [4-9] can be mentioned for the low 
energy and high flux/fluence (LEHF) irradiation of He on W. It is well known from 
these experiments that, even though the incident energy of He projectiles is 
significantly lower than the sputtering threshold energy of W, the LEHF irradiation of 
He can induce severe morphological modifications of W surfaces (e.g., the formation 
of nano-scale fuzz). Morphological modifications can degrade the physical and 
chemical properties of surfaces and produce potential impurity sources that would 
affect the fusion plasma balance. Some either qualitative or phenomenological models 
have been proposed to explain the experimental observations [4, 10-13]. Although 
these models were proposed from different viewpoints, it has been commonly 
recognized that the behavior of He bubbles that are formed in W surfaces plays a 
central role.  
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To understand the behavior of He bubbles near W surfaces and to establish the 
corresponding models, the knowledge of involved atomistic dynamic processes is 
essential. Atomistic dynamic processes relevant to LEHF irradiation of He on W are 
plentiful [14], and some of them were addressed by a number of authors based on the 
molecular dynamics (MD) simulations. For examples, the MD simulations have been 
performed by Henriksson et al. [15], Lasa et al. [16] and Li et al. [17, 18] to study the 
growth of He bubbles and W surfaces under the cumulative bombardment of He on W 
surfaces. Because of the limited time scale that is achievable by the MD simulations, 
the He fluence in these studies was much lower, and the He bubbles were small 
compared with those in corresponding experiments. Before carrying forward the 
simulation investigations to experimental conditions, it is necessary to clarify the 
contributions of individual processes and their rate information that should be coupled 
to models of larger time-space scales. The studies of individual processes have been 
conducted on the reflection of He projectiles on W surfaces [19, 20], interaction of He 
projectiles with pre-existing He bubbles[21] [22], and on migration and trapping 
mutation of He atoms and small clusters near W surfaces[23-27]. In this paper, we 
focus on the bursting of nano-scale He bubbles near W surfaces.  
Because the solubility of helium in metals is very low, He bubbles in metal 
surfaces do not disappear by dissolving into the host metal [28], rather, the bubbles 
can burst. To extract the critical depth and inner pressure for bursting of He bubbles 
under palladium surfaces, an MD study , in which the pre-created spherical cavities at 
a given depth below the surfaces were filled with different number of He atoms and 
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the simulation boxes were then relaxed at one given temperature, was conducted by 
Wang et al[29]. Methodologically similar to the study of Wang et al [29], the effects 
of He/vacancy ratio, temperature and film thickness above the bubbles on the burst of 
He bubbles near W surfaces were studied by Ito et al. [30]. In the simulation 
procedure of these two studies, the growth process of He bubbles was omitted. More 
detailed simulations on the bursting of He bubbles near the W surface were performed 
by Sefta et al. [31, 32]. The growth process of He bubbles was included by 
successively adding He atoms to He bubbles every 5 ps. However, the growth rate of 
the He bubbles so generated was significantly higher than in the experiments. As 
noted by Sandoval et al. [33], based on the simulations of parallel replica molecular 
dynamics, the artificial high growth rate may lead to the overestimation of threshold 
conditions of He bubble bursting. The bursting of He bubbles should occur at a 
He/Vacancy ratio that is lower than what was predicted by the overrated growth rate 
of He bubbles. From the MD simulations of cumulative bombardment of He on W 
surfaces [17], it has been observed that the number of He atoms in He bubbles is 
approximately twice the number of interstitial W atoms that are produced in the 
growth of bubbles. Thus, it is most probable that bursting of He bubbles, if it happens, 
occurs at a He/Vacancy ratio of approximately two. Actually, from the viewpoint of 
statistical physics, the He bubble bursting is a stochastic process that can eventually 
happen with a certain probability after the bubbles are formed at a He/Vacancy ratio. 
The probability is temperature- and size-dependent. Thus, the occurrence frequency of 
He bubble bursting, or equivalently the average lifetime of He bubbles, should be a 
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more appropriate parameter that can be used to characterize the bursting of He 
bubbles. Especially for the LEHF irradiation of He on W, the lifetime of He bubbles 
determines the evolution of bubble density that influences the morphological 
evolution of surfaces [22]. 
In the present paper, we propose and evaluate an MD simulation method for 
calculating the occurrence frequency of He bubble bursting, or equivalently, the 
average lifetime of He bubbles. The method is a type of emulation of thermal 
desorption experiments. Although the method had been used by us to calculate the 
escaping rate of single He atoms trapped near W surfaces [27] and the dissociation 
rate of W clusters [34], it is the first time to apply the method to the He bubble 
bursting that consists of more complex atomistic processes. We will show that the 
triggering of He bubble bursting can be equivalently considered as an activated event 
of certain activation energy, and the dependence of the occurrence frequency on 
temperature can be described using the Arrhenius equation.  
 
2. Methods 
2.1. Simulations method 
Before running the MD simulation, first, we prepared the initial simulation boxes 
with the size of 30a0×30a0×30a0, where a0 represents the lattice constant of W. The 
surface orientation in the z-direction had a (100) crystal orientations. To create an 
initial He bubble in the substrate, we created a cavity by removing a given number of 
W atoms that were closest to a point in the substrate and, then, filled the cavity with 
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helium atoms. The z- coordinate of the point was a given value. The x- and y- 
coordinates were randomly offset from the substrate center. According to our previous 
simulations of the He bubble growth in metals [17, 35], the interstitial metal atoms 
caused by the accumulated pressure of He bubbles move away from the bubbles 
accompanying the release of the bubble pressure and the restoration of crystal 
structure surrounding the bubbles. The number of He atoms in the bubbles was found 
to be approximately twice the number of the ejected metal atoms. Thus, in the present 
paper, we chose 2 for the ratio 𝑟𝐻𝑒/𝑣 of the number of filling He atoms (𝑛𝐻𝑒) and the 
number of the removed W atoms (𝑛𝑊). Fig. 1 shows the initial simulation box, with 
𝑑𝑏  denoting the thickness of the thinnest ligament above the He bubble, and 𝑅𝑏  
denoting the initial bubble radius. For each combination of 𝑑𝑏 , 𝑅𝑏 , 𝑟𝐻𝑒/𝑣  and 
surface orientation, we prepared 𝑁𝑏
(0) (=100) replicas for the purpose of statistical 
analysis to be presented in the subsection 2.2.  
With the prepared initial simulation boxes, the MD simulations were run using 
the graphics processing unit (GPU)-based MD package developed in our group [36]. 
We used the many-body semi-empirical potential of the Finnis-Sinclair type proposed 
by Ackland et al. for the W-W potential [37]. This W-W potential has been used in 
our previous work [18, 38, 39] and is widely used by other research groups [26, 31, 
33]. For the He-W interaction, we adopted a pairwise potential that was obtained by 
fitting to the ab initio data. The pairwise potential reproduces the correct order of 
stability for the interstitial He in W [40]. For the He-He interaction, we used the exp-6 
potential that was obtained by fitting to the state equation of high pressure He [41]. 
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Throughout all MD runs, the periodic boundary conditions were applied only in the x- 
and y- directions. To avoid the drift of substrates during the burst of He bubbles, two 
bottom layers of the substrates were fixed at their original positions.  
Each MD simulation run consisted of three stages. In the first stage, because the 
initial simulation boxes that were generated above were not in equilibrium, we 
quenched the boxes to zero temperature. Then, in the second stage, the boxes were, 
first, thermalized to a temperature 𝑇(0) (for example 300 K) and, then, relaxed for 
enough time steps to bring them to thermal equilibrium at this temperature. The 
thermalization of a simulation box was conducted by assigning the atoms in the box 
with velocities that were generated by the Monte Carlo sampling of the Maxwell 
distribution of atom velocity. The boxes were relaxed by numerically integrating the 
dynamics equation of atoms, using a finite difference scheme that can be written as 
[42]: 
  𝐫𝑖
(n) = 𝐫𝑖(n−1) + 𝛿𝑡𝐯𝑖(n−1) + 12 𝛿𝑡2 𝐚𝑖(n−1)            (1.a) 
  𝐯𝑖
(n) = 𝐯𝑖(n−1) + 12 𝛿𝑡(𝐚𝑖(n−1) + 𝐚𝑖(n))               (1.b) 
where 𝛿𝑡 is the size of time step. 𝐫𝑖
(n), 𝐯𝑖(n) and 𝐚𝑖(n) are the position, velocity and 
acceleration of ith atom at nth time step, respectively. Thus far, the simulation 
procedure is typical. The temperature 𝑇(0) is not sufficiently high to cause the He 
bubble bursting during the simulation time, even if 𝑑𝑏  is set to contain two 
monolayers. To observe the He bubble bursting in the MD simulations, the simulation 
boxes need to be placed at high temperatures. This was achieved in the third stage.  
   In the third stage, which corresponds to the analysis method described in the 
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subsection 2.2, we propose a new scheme in which the temperature of simulation 
boxes is continuously elevated. Assuming the target temperature that the simulation 
boxes will be raised to in 𝑁𝑡 time steps is 𝑇
(Nt), the temperature increment in one 
time step is ∆𝑇 = (𝑇(𝑁𝑡) − 𝑇(0))/𝑁t , and the temperature at nth time step is: 
 𝑇(n) = 𝑇(0) + 𝑛∆𝑇                                  (2) 
where 𝑇(0) is the initial temperature of boxes of this stage. The finite difference 
scheme is now written as follows: 
  𝐫𝑖
(n) = 𝐫𝑖(n−1) + 𝛿𝑡𝐯′𝑖(n−1) + 12 𝛿𝑡2 𝐚𝑖(n−1)                (3.a) 
  𝐯𝑖
(n) = 𝐯′𝑖(n−1) + 12 𝛿𝑡(𝐚𝑖(n−1) + 𝐚𝑖(n))                   (3.b) 
  𝐯′𝑖
(n) = 𝐯𝑖(n)�𝑇(n) 𝑇� (n)⁄                              (3.c) 
where 𝐯′𝑖
(n) represents the scaled velocity of the ith atom at the nth time step, and 
𝑇� (n)  is the instant temperature of simulation boxes calculated by the unscaled 
velocities, 𝐯𝑖
(n), of atoms. For the convenience of description, we name this scheme a 
linearly increasing-temperature (LIT) scheme, in contrast to the typical scheme that 
we denote as the CT scheme in which the ensemble-averaged (or time-averaged) 
temperature remained constant. Using the LIT scheme, the bursting of He bubbles can 
be observed as the time progresses. Because the lifetime of He bubbles is concerned, 
the time point that indicates the starting of He bubble bursting needs to defined. We 
define this time point when a He atom, which is originally in a bubble, is observed 
one a0 above the substrate surface. This definition of the He bubble bursting time 
point is justified by the observation, as to be shown by the results shown, that once a 
He atom gets out of the substrate, a violent eruption of He atoms immediately occurs.  
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2.2 Extraction of the average He bubble lifetime  
   From the microscopic view, the bursting of He bubbles is a type of a random 
event that can be characterized by the occurrence frequency of bursting 𝑓𝑏(𝑇), or the 
average lifetime 𝜏𝑏(𝑇) ≡ 1/𝑓𝑏(𝑇) of He bubbles. It may have been noted that the 
LIT scheme of the third stage in our MD simulations is actually an emulation of a 
thermal desorption experiment, in which the system temperature T is linearly 
increased with the evolution time. Specifically:  
       𝑇(𝑡) = 𝛽𝑡 + 𝑇(0)                         (4),  
where 𝛽 = (𝑇(𝑁𝑡) − 𝑇(0))/(𝑁𝑡𝛿𝑡). Therefore, the analysis method used in thermal 
desorption experiments can be borrowed to extract 𝑓𝑏(𝑇).  
   We use 𝑁𝑏(𝑇), with its initial value of 𝑁𝑏(𝑇0) = 𝑁𝑏(0), to denote the number of 
simulation boxes in which the He bubbles are intact at the temperature T(t) . Because 
one box contains one He bubble, the rate of He bubble bursting at time t is: 
   𝑑𝑁𝑏(𝑇)
𝑑𝑡
= 𝛽 𝑑𝑁𝑏(𝑇)
𝑑𝑇
=  −𝑓𝑏(𝑇)𝑁𝑏(𝑇)                          (5) 
If 𝑇𝑚
(𝛽) is the temperature at which the rate of He bubble bursting is maximum for a 
give value of 𝛽, we have: 
   𝑑
𝑑𝑇
�
𝑑𝑁𝑏(𝑇)
𝑑𝑇
��
𝑇=𝑇𝑚
(𝛽) = − 1𝛽  𝑑𝑓𝑏(𝑇)𝑑𝑇 �𝑇=𝑇𝑚(𝛽) 𝑁𝑏 �𝑇𝑚(𝛽)� + �1𝛽 𝑓𝑏 �𝑇𝑚(𝛽)��2 𝑁𝑏 �𝑇𝑚(𝛽)� = 0 
(6),  
or in a simplified form: 
  −  𝑑𝑓𝑏(𝑇)
𝑑𝑇
�
𝑇=𝑇𝑚
(𝛽) + 1𝛽 �𝑓𝑏 �𝑇𝑚(𝛽)��2 = 0                           (7) 
If we further assume that the bursting of He bubbles is a type of activated event with a 
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temperature-independent activation energy 𝐸𝑎, 𝑓𝑏(𝑇) can be expressed as: 
   𝑓𝑏(𝑇) =  𝐴 𝑒𝑥𝑝 �− 𝐸𝑎𝑘𝐵𝑇�                                      (8).     
From eq.(5) and eq.(6), the following relationship can be derived: 
   2ln𝑇𝑚(𝛽) − ln𝛽 =  𝐸𝑎𝑘𝐵 ∙ 1𝑇𝑚(𝛽) + ln 𝐸𝑎𝑘𝐵𝐴                            (9) 
Using different 𝑁𝑡 in our MD simulations for a given 𝑇(𝑁𝑡), a set of 𝛽 values and 
the corresponding 𝑇𝑚
(𝛽) can be obtained. The activation energy 𝐸𝑎 and the prefactor 
A can be obtained by fitting eq.(9). On the other hand, the assumption that the 
bursting of He bubbles is a type of activated event would be justified if eq.(9) can be  
well-satisfied. An additional point should be mentioned. A small 𝛽 value requires a 
long computing time to have enough bursting events to extract 𝑇𝑚
(𝛽), and a large 𝛽 
value may cause enough bursting events in a short time. However, the 𝛽 values that 
are too large may yield results that deviate from the relationship of eq.(9). Thus, the 
compromise between the computer time and the accuracy of results should be made. 
 
3. Results 
Based on the abovementioned method, we performed the MD simulation for a 
number of combinations of ligament thickness 𝑑𝑏  and bubble size 𝑛𝐻𝑒  for 
𝑟𝐻𝑒/𝑣 = 2 . The occurrence frequency 𝑓𝑏(𝑇) of bubble bursting [or the average 
lifetime 𝜏𝑏(𝑇)] that we are concerned with is assumed to depend on temperature and 
not on the rate 𝛽 of heating the boxes. This assumption implies that the simulation 
boxes before the bubble bursting should be in a state of quasi-equilibrium that is 
independent of the 𝛽 value. Thus, the first point that we observed is the evolution of 
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volume and pressure of He bubbles in the LIT scheme. The instant pressure, 
𝑃𝑏(𝑇(𝑡)), of He bubbles was calculated using the virial formulation: 
   𝑃𝑏(𝑇(𝑡)) = 1Ω𝑏(𝑇(𝑡)) �𝑁𝐻𝑒𝑘𝐵𝑇(𝑡) + ∑ 𝐫𝐢 ∙ 𝐟i𝑁𝐻𝑒𝑖=1 �                 (8)， 
where Ω𝑏(𝑇(𝑡)) is the instant volume of He bubbles. Although He bubbles were 
initially created by filling a spherical cavity of radius 𝑅𝑏 , the shape of He bubbles at 
nano-scale is not a well-defined sphere. Thus, we calculate  Ω𝑏(𝑇(𝑡))  by the 
summation of volumes of He atoms that are defined by the Voronoi polyhedrons of 
atoms. We implemented an algorithm of the three-dimensional Voronoi tessellation 
[43] to construct the Voronoi polyhedrons of He atoms. According to the 
mathematical definition of Voronoi polyhedron, the Voronoi polyhedron of an atom is 
constructed by the planes that are drawn perpendicular to the vectors joining the atom 
with its surrounding atoms at the midpoints of the vectors. When the atom moves 
above the substrate surface (i.e., the He bubble bursting occurs), the construction of 
its Voronoi polyhedron may fail.  
Fig. 2 displays an example of Ω𝑏(𝑇(𝑡)) and 𝑃𝑏(𝑇(𝑡)) against 𝑇(𝑡) in the LIT 
scheme using different β values, with 𝑛𝐻𝑒 = 352, 𝑑𝑏 = 1.12𝑎0 and the surface 
orientation in (001) direction. It is observed that different β values result in 
statistically the same Ω𝑏(𝑇(𝑡)) and 𝑃𝑏(𝑇(𝑡)) within the thermal-fluctuation error, 
with Ω𝑏(𝑇(𝑡)) and 𝑃𝑏(𝑇(𝑡)) only depending on the instant temperature 𝑇(𝑡). This 
result indicates that the simulation boxes in the LIT scheme are in quasi-equilibrium, 
only if the β value is large enough. To validate this assessment further, we also ran 
MD simulations in the CT scheme at a number of temperatures, in which the 
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simulation boxes were brought to the thermodynamic equilibrium. Corresponding to 
the case shown in Fig. 2, Fig. 3 displays the volume and pressure of three He bubbles 
against the time obtained using the CT scheme for 𝑇 = 1258.5. Before the bursting 
of helium bubbles, the bubble pressures and volumes remained stable around a 
constant value. The comparison between Fig. 2 and Fig. 3 shows that the bubble 
volume and bubble pressure in the LIT scheme are consistent with those in the CT 
scheme when the temperature in the LIT scheme is increased to the same temperature 
as in the CT scheme. This also suggests that the simulation boxes in the LIT scheme 
are in quasi-equilibrium. This observation is applicable to other choices of 𝑛𝐻𝑒 and 
𝑑𝑏  that we considered.  
Additionally, from Fig. 2, we observe that the bubble volume linearly expands, 
and the bubble pressure persists around a constant value against the increasing 
temperature. The involved atomistic rearrangement of atoms is visualized in Fig. 4, in 
which the trajectories of W atoms during each time interval are drawn. It is observed 
that, with increasing temperature, the displacement sequences of W atom along the 
[111] direction were induced on the upper periphery of He bubbles in association with 
the volume expansion of He bubbles. The similar phenomenon was observed in the 
work of Ito et al [30], in which MD simulations were performed at constant 
temperature. In contrast to what was observed in the work of Sefta et al. [32], where 
the bubble pressure was accumulated due to the rapid growth of He bubbles until the 
triggering of loop punching, the He bubble expansion we observe is isobaric. The 
isobaric expansion is non-isotropic and protrudes at places where the [111] 
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displacement sequences are short. When one He atom penetrates the ligament, the 
eruption of He atoms immediately occurs as indicated by the sharp peak of the release 
rate of He atoms shown in Fig. 5. The explosive eruption of He bubbles had been also 
observed for He bubbles on Pd [29] and Ti [44] surfaces. Thus, the time point at 
which the first He atom penetrates the ligament can be used to define the beginning of 
bubble bursting. Using this criteria of bubble bursting, 𝑁𝑏(𝑇), which was defined in 
subsection 2.2, were obtained. An example of 𝑁𝑏(𝑇) is plotted in Fig. 6 for different 
𝛽 values and for 𝑛𝐻𝑒 = 352, 𝑟𝐻𝑒/𝑣 = 2, 𝑑𝑏 = 1.12𝑎0. It can be seen that there is a 
temperature range in which the number of broken bubbles rapidly increases. However, 
because only 100 simulation boxes ( 𝑁𝑏
(0) = 100 ) were used for each 𝛽 value (due 
to the available computer time), using the differential of 𝑁𝑏(𝑇) to extract 𝑇𝑚(𝛽) that 
is defined by eq.(5) - (7) has large uncertainty. Thus, based on the observation that 
𝑁𝑏(𝑇) is approximately symmetric at 𝑁𝑏(𝑇) = 50, we used the temperature at 
𝑁𝑏(𝑇) = 50 to estimate 𝑇𝑚(𝛽). We used the same method to estimate 𝑇𝑚(𝛽) for all 
cases considered in the present paper. 
Fig. 7a) displays 2ln𝑇𝑚(𝛽) − ln𝛽 as a function of 1/𝑇𝑚(𝛽) for different ligament 
thicknesses: 𝑑𝑏 = 0.89a0, 1.12a0, 1.42a0, 1.72a0, 1.92a0 and 2.22a0, and for a given 
bubble size: 𝑛𝐻𝑒 = 352. For 𝑑𝑏 ≤ 1.72a0, β=270 K/ps, 135 K/ps, 67.5 K/ps, 38.6 
K/ps and 27 K/ps were applied in the LIT scheme. For larger 𝑑𝑏 , β=135 K/ps, 67.5 
K/ps, 38.6K/ps, 27 K/ps and 13.5 K/ps were applied. It is seen that the data can be 
well fitted to eq.(9) with fitting parameters 𝐸𝑎 and A for all considered 𝑑𝑏  values. 
These results indicate that the bursting of He bubbles for a given 𝑑𝑏  can be 
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considered as a type of activated event, and the occurrence frequency of bursting 
follows the Arrhenius relation, which is an assumption leading to the derivation of 
eq.(9). The activation energy 𝐸𝑎 and the pre-exponential factor A are dependent on 
𝑑𝑏  and are shown in Table 1. Correspondingly, Fig. 7b) shows the activation energy 
𝐸𝑎  as a function of 𝑑𝑏 . Considering the statistical uncertainty, 𝐸𝑎  is linearly 
proportional to 𝑑𝑏  and can be fitted to: 𝐸𝑎(𝑑𝑏) = 𝑎 ∙ 𝑑𝑏 + 𝑏 with a=1.11 eV/𝑎0 
and b=-0.75 eV. For the activated events, the Meyer-Nedle rule is often followed, 
which states that the increased activation energy may be compensated by the 
increased pre-exponential factor for a family of activated processes[45]. According to 
this rule, the pre-exponential factor A and the activation energy 𝐸𝑎  can be 
empirically related using ln𝐴 = 𝑝 ∙ 𝐸𝑎 + 𝑞, with 𝑝 and 𝑞 being constant. In Fig. 
7c), we show A vs 𝐸𝑎 for different 𝑑𝑏 . It is seen that, although the data are scattered, 
the Meyer-Nedle rule is obeyed, and the relation can be approximately written as ln𝐴(𝐸𝑎) = 3.05𝐸𝑎 + 0.83 with 𝐸𝑎 in units of eV and 𝐴 in ps-1.  
Fig. 8a) displays 2ln𝑇𝑚(𝛽) − ln𝛽 as a function of 1/𝑇𝑚(𝛽) for different bubble 
sizes: 𝑛𝐻𝑒= 100, 200, 352 and 486, and given ligament thickness: 𝑑𝑏 = 0.89a0. 
Again, the data obtained by the MD simulation using the LIT scheme is well fitted by 
eq.(9). The dependence of 𝐸𝑎  on 𝑛𝐻𝑒  is illustrated in Fig. 8b) and can be 
approximately described by the relation 𝐸𝑎
1/3(nHe) = 13.96/nHe + 0.5. However, 
the relation between A and 𝐸𝑎 does not follow well the Meyer-Nedle rule [Fig. 8c)]. 
The dependence of 𝐸𝑎  on 𝑛𝐻𝑒  suggests that, for He bubbles with the same 
ligament thickness, the small bubbles are more likely to burst than the large bubbles. 
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In a previous study on helium bubble pressure in bulk W [38], we have shown that a 
helium bubble in tungsten consists of a core and an interface of finite thickness. The 
core is compressed more and, thus, the bubble pressure is higher for small bubbles 
than for large bubbles. This is also true for cases when the bubbles are close to W 
surfaces, as demonstrated in Fig. 9. It is observed that the pressure, under which the 
He bubbles with the same initial ligament thickness expand isobarically, is higher for 
small bubbles than for large bubbles. The results indicate that the bubble interface has 
the effect that prevents He bubbles from expansion and bursting. It is suggested that 
the deterministic manner, in which the criteria of bubble bursting is based on the 
bubble pressure, may be inadequate.  
 
4. Concluding remarks 
   An MD simulation method for estimating the average lifetime of He bubbles 
has been described. The method is validated for a number of bubble depths and 
bubble sizes. The results show that the He bubble bursting can be treated as an 
activated event with its occurrence frequency following the Arrhenius equation. For a 
given bubble size, the activation energy exhibits good linear dependence on depth, 
and the pre-exponential factor obeys the Meyer-Nedle rule. These results are 
informative for establish a model of growth and release of He bubbles, which is 
closely related with the rate of impurity production in the fusion plasma and the 
morphological evolution of component surfaces, especially when the lifetimes of He 
bubbles are comparable with the implantation rate of He atoms. Based on the data 
17 
 
obtained in the present paper for activation energy and pre-exponential factor, the 
scale of average lifetimes of the bubbles can vary from picoseconds to microseconds 
in a temperature range of 1000K~2000K, depending on the bubble depth and size. 
This temperature range is interesting for the LEHF experiments of He irradiation of 
W. Due to the limitation of available computing resources, the emphasis of our paper 
is on the introduction and evaluation of the method. Certainly, more calculations that 
cover a larger parameter space are needed to establish a comprehensive knowledge 
and data base. 
In contrast to MD simulations in which He atoms were successively added to the 
bubbles, He bubble growth is not considered in the present paper, and the number of 
He atoms in the bubbles was kept constant. It is known that self-interstitial W atoms 
can be induced around He bubbles during the growth process [31] [46, 47]. The 
existence of self-interstitial W atoms may change the condition of He bubble bursting. 
In addition, the time scale that self-interstitial W atoms sustain around He bubbles is a 
problem that requires study. We will consider this problem in our future work.  
Acknowledgements 
This work was supported in part by the National Magnetic Confinement Fusion 
Program of China (2013GB109002). 
  
18 
 
References 
[1] Zinkle S.J., Snead L.L. 2014 Annu. Rev. Mater. Res. 44  241-267. 
[2] Rieth M., Dudarev S.L., Vicente S.M.G.d., Aktaa J., Ahlgren T., Antusch S., Armstrong D.E.J., Balden 
M., Baluc N., Barthe M.-F. 2013 J. Nucl. Mater. 432  482–500. 
[3] Brooks J.N., Allain J.P., Doerner R.P., Hassanein A., Nygren R., Rognlien T.D., Whyte D.G. 2009 Nucl. 
Fusion 49  425-429. 
[4] Kajita S., Yoshida N., Ohno N., Tsuji Y. 2015 New J. Phys. 17  043038. 
[5] Petty T.J., Baldwin M.J., Hasan M.I., Doerner R.P., Bradley J.W. 2015 Nucl. Fusion. 
[6] Kajita S., Tsuji Y., Ohno N. 2014 Phys. Lett. A 378  2533-2538. 
[7] Yamagiwa M., Kajita S., Ohno N., Takagi M., Yoshida N., Yoshihara R., Sakaguchi W., Kurishita H. 
2011 J. Nucl. Mater. 417  499–503. 
[8] Kajita S., Sakaguchi W., Ohno N., Yoshida N., Saeki T. 2009 Nucl. Fusion 49  -. 
[9] Baldwin M.J., Doerner R.P. 2008 Nucl. Fusion 48  699-785. 
[10] Lasa A., Tähtinen S.K., Nordlund K. 2013 Europhys. Lett. 105  403-411. 
[11] Martynenko Y.V., Nagel’ M.Y. 2012 Plasma Phys. Rep. 38  996-999. 
[12] Krasheninnikov S.I. 2011 Phys. Scr. T145 014040  
[13] Sharafat S., Takahashi A., Nagasawa K., Ghoniem N. 2009 J. Nucl. Mater. 389  203–212. 
[14] Wirth B.D., Hammond K.D., Krasheninnikov S.I., Maroudas D. 2015 J. Nucl. Mater. 463  30-38. 
[15] Henriksson K.O.E., Nordlund K., Keinonen J. 2006 Nucl. Instr. Meth. Phys. Res. B 244  377-391. 
[16] Lasa A., Henriksson K.O.E., Nordlund K. 2013 Nucl. Instr. Meth. Phys. Res. B 303  156-161. 
[17] Li M., Cui J., Wang J., Hou Q. 2014 Nucl. Instr. Meth. Phys. Res. B 337  45–54. 
[18] Li M., Cui J., Wang J., Hou Q. 2015 Nucl. Instr. Meth. Phys. Res. B 352  92–95. 
[19] Li M., Wang J., Hou Q. 2012 J. Nucl. Mater. 423 22–27. 
[20] Borovikov V., Voter A.F., Tang X.-Z. 2014 J. Nucl. Mater. 447  
  254–270. 
[21] Sefta F., Juslin N., Hammond K.D., Wirth B.D. 2013 J. Nucl. Mater. 438, Supplement  S493-S496. 
[22] Ding Y., Ma C., Li M., Hou Q. 2016 Nucl. Instr. Meth. Phys. Res. B 368 50–59. 
[23] Barashev A.V., Xu H., Stoller R.E. 2014 J. Nucl. Mater. 454  421-426. 
[24] Hu L., Hammond K.D., Wirth B.D., Maroudas D. 2014 Surf. Sci. 626  L21-L25. 
[25] Hu L., Hammond K.D., Wirth B.D., Maroudas D. 2014 J. Appl. Phys. 115  173512. 
[26] Hammond K.D., Wirth B.D. 2014 J. Appl. Phys. 116  143301-143301-143308. 
[27] Wang X., Wu Z., Hou Q. 2015 J. Nucl. Mater. 465  455-463. 
[28] Lohse D., Zhang X. 2015 Rev. Mod. Phys. 87  981-1035. 
[29] Wang L., Hu W., Deng H., Xiao S., Yang J., Gao F., Heinisch Howard L., Hu S. 2011 J. Mater. Res. 26  
416-423. 
[30] Ito Atsushi M., Yoshimoto Y., Saito S., Takayama A., Nakamura H. 2014 Phys. Scr. 159  827-847. 
[31] Sefta F., Hammond K.D., Juslin N., Wirth B.D. 2013 Nucl. Fusion 53  073015-073019. 
[32] Sefta F., Juslin N., Wirth B.D. 2013 J. Appl. Phys. 114  243518 - 243518-243519. 
[33] Sandoval L., Perez D., Uberuaga B.P., Voter A.F. 2015 Phys. Rev. Lett. 114  105502. 
[34] Li M., Wang J., Fu B., Hou Q. 2015 AIP Advances 5  127131  
[35] Wang J., Hou Q., Sun T., Long X., Wu X., Luo S. 2007 J. Appl. Phys. 102  093510-093510-093514. 
[36] Hou Q., Li M., Zhou Y., Cui J., Cui Z., Wang J. 2013 Comp. Phys. Comm. 184  2091-2101. 
[37] Ackland G.J., Thetford R. 1987 Phil. Mag. A 56  15-30. 
19 
 
[38] Cui J., Li M., Wang J., Hou Q. 2014 Nucl. Instr. Meth. Phys. Res. B. 
[39] Zhou Y.L., Wang J., Hou Q., Deng A.H. 2014 J. Nucl. Mater. 446  49–55. 
[40] Wang J., Zhou Y., Li M., Hou Q. 2012 J. Nucl. Mater. 427  290–296. 
[41] Young D.A., Mcmahan A.K., Ross M. 1981 Phys. Rev. B 24  5119-5127. 
[42] Swope W.C., Anderson H.C., Berens P.H., Wilson K.R. 1982 J. Chem. Phys. 76  637-649. 
[43] Medvedev N.N. 1986 J. Comput. Phys. 67  223-229. 
[44] Zhang B.L., Wang J., Li M., Hou Q. 2013 J. Nucl. Mater 438 178–182. 
[45] G. Boisvert L.J.L., and A. Yelon 1995 Phys.Rev.Lett. 75  469 - 472. 
[46] Wang J., Niu L.-L., Shu X., Zhang Y. 2015 J. Phys.: Condens. Matter 27  395001. 
[47] Wang J., Niu L.-L., Shu X., Zhang Y. 2015 Nucl. Fusion 55 092003. 
 
 
  
20 
 
 
Table. 1. Activation energy 𝐸𝑎 and the preexponential factor A extracted by fitting 
eq.(9) for the bubble size 𝑛𝐻𝑒 = 352 at different depths.  
 
db(a0) 0.98 1.12 1.42 1.72 1.92 2.22 
Ea(eV) 0.198 0.532 0.744 1.35 1.304 1.683 
A(ps-1) 1.864 13.077 20.82 190.164 35.97 59.26 
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Fig. 1. Schematic graph of the initial simulation box. The dark spheres are He atoms, 
the circles are W atoms. The two bottom layers of W atoms are fixed (read circle).  
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Fig. 2. Example of evolution of bubble pressure 𝑃𝑏(𝑇(𝑡)) and bubble volume 
Ω𝑏�𝑇(𝑡)� vs. temperature evolution 𝑇(𝑡) in the LIT scheme with different β values 
and 𝑛𝐻𝑒 = 352  and 𝑑𝑏 = 1.12𝑎0 . The curves end when the bubbles burst. a) 
Bubble pressure. b) Bubble volume.  
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Fig. 3. Examples of the instant bubble pressure 𝑃𝑏(𝑡) and bubble volume Ω𝑏(𝑡)  in 
the CT scheme at a given temperature of 1258.5 K, with 𝑛𝐻𝑒 = 352 and 𝑑𝑏 =1.12𝑎0. The curves end when the bubbles burst. a) Bubble pressure. b) Bubble 
volume.  
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Fig. 4. Visualization example of the LIT scheme box configuration at temperature T , 
viewed in x-direction. Circle: He atoms; dot: tungsten atoms. Also drawn (lines) are 
the trajectories of tungsten atoms when temperature increases from T1 toT. For a) – 
c) , the temperature interval (T1， T) = (300K ~ 570K), (1110,K 1380K), 
(1380K,1650K), and (1650K, 1920K). 
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Fig. 5. Example of the rate of He atom escaping from the substrate with 𝑛𝐻𝑒 = 352 
and 𝑑𝑏 = 1.12𝑎0.  
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Fig. 6. Evolution of 𝑁𝑏(𝑇(𝑡)) vs. 𝑇(𝑡) obtained in the LIT scheme for different β 
values and 𝑛𝐻𝑒 = 352 and 𝑑𝑏 = 1.12𝑎0. The dotted lines are drawn to denotes the 
extracted 𝑇𝑚
(𝛽).  
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Fig. 7. a) 2ln𝑇𝑚(𝛽) − ln𝛽 as a function of 1/𝑇𝑚(𝛽) [see eq.(9)], obtained for a number 
of ligament thicknesses 𝑑𝑏  with 𝑛𝐻𝑒 = 352  and 𝑟𝐻𝑒/𝑣 = 2 . The lines are the 
corresponding fittings of eq.(9) with 𝐸𝑎 and A being the fitting parameters. b) The 
activation energy 𝐸𝑎  vs. the ligament thicknesses 𝑑𝑏  for 𝑛𝐻𝑒 = 352  and 
𝑟𝐻𝑒/𝑣 = 2. The solid line is the fitting function 𝐸𝑎(𝑑𝑏) = 𝑎 ∙ 𝑑𝑏 + 𝑏 with a=1.11 
eV/α0 and b=-0.75 eV. c) lnA vs. 𝐸𝑎. The solid line is the fitting function ln𝐴(𝐸𝑎) =3.05𝐸𝑎 + 0.83. 
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Fig. 8. a) 2ln𝑇𝑚(𝛽) − ln𝛽 as a function of 1/𝑇𝑚(𝛽) [see eq.(9)], obtained for a number 
of bubble sizes, with 𝑑𝑏 = 0.89α0 and 𝑟𝐻𝑒/𝑣 = 2. The lines are the corresponding 
fittings of eq.(9) with 𝐸𝑎  and A being the fitting parameters. The lines are the 
corresponding fittings of eq.(9) with 𝐸𝑎 and A being the fitting parameters; b) The 
dependence of 𝐸𝑎 on the bubble size 𝑛𝐻𝑒. The solid line is the fitting function 
𝐸𝑎
1/3(nHe) = 13.96/nHe + 0.5; c) lnA vs. 𝐸𝑎. 
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Fig. 9. Evolution of bubble pressure vs. temperature for different bubble sizes. For 
each bubble size, the pressure in the LIT scheme of different β values are drawn. 
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